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SÜMAgY 

A computer study Is described of the effect on I.L.S. glide path 

porfonnance of the addition of various damping teiros to the glide path control 

law of a typical autopilot.    The control laws used are analysed by a «a* or 

of techniques ani the results achieved by the different techniques ar« compared. 

It is shown that the porfonnance can bo improved by the addition of either a 

vortical velocity term couplad with an acceleration term, or a vortical volocily 

term coupled with a pitch rate term in the control law. 
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I 
1 INTRODUCTION °| 

One of the more i^ortant performance parameter, of an autanatio landi.« 

system is tho longitudinal position of the toacWown point of the aircraft 

along the namay.    The mean position ani the scatter of the touchio^ point 

should be such that the chance is extremely remote of the aircraft .Ithor 

lading short of the nxn^y threshold, i.e. undershooting, or «floating   down 

the nxnway so that it over-runs tho for e^    V/hil.t tho quality of the flare- 

out monoeuvro can affect the position of the touchdown point,  the accuracy of 

perfor^nce achieve on the I.L.S.  glide path i^edia^y prior to the flare 

has a for grater effect.    The positional error of the aircraft from the I.L.S. 

glide path a* the rate of change of this error, which is a measure of the , 

error in tho aircraft's rate of descent fron that required to fly down th« 

glide path, each have a coiMderable effect on the point of touchdown     . 

An assessment of the recorded result» obtained from full-scale flight 

trials has shown that the longitudinal scatter of the touchdown point of 

current automatic larding systems can only be constrain«! within the limit 

imposed by Civil safety sta^ards by restricting the wild condition, in which the ^ 

systems are used.    For operational use. wider wi«! limit, are desir^le art so 

an analogue computer study has been made to investigate whether i^rovement. can |, 

be nade to the accuracy of performance on the I.L.S. glide path.    Thi. Report 

describes the results of the investigation. 

One way of improving beam holding in the presence of wind disturbance, 

is to increase tho gain of the coupling between tho aircraft system aid the 

radio beam.    However, ircrease of gain alono cause, a loss of overall sy.tem 

stability with the result that any improvon^nt in perfonnanco by thi. manner 

is extremely lünitod, in fact the perfonnance is more likely to deteriorate. 

Horcovor,   tho use of phase advanco terras can increase system stability and so 

allow an increase of coupling gain, and the addition of mxoh term, to the 

basic glide path control law of a typical autopilot ha. been investigated on 

a cGTCoutar.    The tems used have ranged from the time derivative of the 

glide'path signal to combinations of terns obtainod from a normal accelerometer 

aid pitch attitude gyros. 

In this Report, emphasis is laid on froquoncy response and statistical 

response techniques of analysis, since difficulty has bean encountered in 

the past in the prediction of parfonnance from time histories of similated 

approaches in tho presence of steady or slavly varying wind condition.. 

The criterion againat which performnce is measured is the perfomance 



aohiwod using the simulation of the uiwodifiad control law of the Mark 10B 

autopilot. 

Section 2 discusses the analysis procedures adopted, together with the 

techniques used for choice of gearings and the difficulties associated with 

these aid past techniques.    Section 3 gives a statement of the modifications 

investigated, followed by a detailed discussion of results in Section 4. 

The modified gLiäa path control equations used in this study are listed 

in the /.ppeniix with the longitudinal equations of motion of the aeroplane 

(Varsily) and thj kinematio and wini equations. 

2 iWALYSIS PaOCEEORE 

In the past there have been marked disorepanoios between computer studies 

of control on the I.L.S. glide path and the results of actual flight trials. 

For exan^le, work dons using the time history record and single discrete wind 

gusts as distuibances, erroneously predicted a possible gain factor of two or 

three times the highest practical flight value.    For some time these discrep- 

ancies were blamed on inaccurate or incomplete simulation of the problem, but 

recent work has indicated that inndequnto methods of assessing the performance 

achieved on the computer ware thd main ciuiso of the differences.    One difficulty 

lies in the range dependence of the glido-path signal.    The contours of 

constant error signal are straight linos radiating from the transmitter, so 

that the error signal received by the aircraft for a given linaar displacement 

from tho glido-path beam is greater at short range than at long range from the 

transmitter.    Thus the system gain is low at long range, giving sluggish control, 

but high at short range,  giving a tight control.    In this situation it is 

inadequate to examine the time history of an approach in -*hich the only distur- 

bance ia the error at the start, since by the time the system reaches instabi- 

lity because of gain increase,  there will be no disturbance to trigger the 

instability.    Similarly the injection of a step disturbance at a given range 

is inadequate since the effect of this disturbance is critical upon the range 

at which it is injected, and it is not clear how to choose a range that will 

be characteristic of the whole approach. 

It is clear that the only satisfactory test is to subject the system to 

rardom disturbances throughout a series of approaches (as would occur in 

practice) ani to examine statistically the results oi' such a series.     Subsid- 

iary tests could be used to indicate whether the beam capture manoeuvre was 

satisfactory. 



The method of analysis adopted in this Report fall, into four diatinot 

stages, of which the first three are additional to previous mothod.:- 

(i)      choice of control gearing values to be used in the modified control 1«« 

by a study of stability margins; 

(ii)    fre^ence responses of displacement fron the I.L.S. glide path o-us* 

hy three variables - (a) vertical wir*,  (b) horizontal wind (o) «dio noise. 

(iii) statistical «suits from sinulated approaches in the presence of random 

horizontal wind variations; 

(iv)    a study of app^ach manors in th. pres.no« of various disturbance.. 

Lh as the be» join nenoeuvr.; the effect of rate of descent da^ error.. 

and the effect of wird shears both from head and tail. 

Pig.10 shows a block aohenatic of the computer arrangement. 

2.j      Hhoice of gearing value. 

Since it is pointless to have a system which gives good perfonmnce at 

long range but is unstable at close range, the gearing values chosen were 

those which gave as high an overall gearln, as was feasible at close «nge. 

since high gearing, produce tighter control in tho presence of wind turbulence. 

Tho general method for choice of gearings is illustrated in the following 

example.    With a general control equation of tho foxm:- 

where    0      =   oomniandaa pitch angle, 
c 

"ß    =   glide path arror signal, 

H   =   height of aircraft, 

"■It 
K,. K,, K..-..      are control gearings, 

5'    6'    101 

assume that tho required values are those of K,. and K^,  the value of Kg 

being invariant.    Then K       is fixed at a particular value and ^ varied 

until the recovery of the system from * step disturbance is a neutrally damped 

oscillation.    Tho procedure is repeated at other values of K^ and the value 

of K, for neutral stability plotted as a function of Kl01,  thus giving the 

neutral stability boards in the K^/K; pi"™.    Since tho minimum .tAility 

occurs at the start of the ATIITUDK phase (100 ft) when tho coupling to the 



glide path In term» of commanded pitch attitude per foot of displacercont from 

the glide-path beam is a maxinum,  the above boundary is computed with a fixed 

!i height of 100 ft prograimed into the computer. 

, Stability boundarlos similar to tho above have been plotted for each of 

the different control equations listed in the Apporeiix, and tho boundaries are shown 

in Pigs. 1  to 7.    It was found that in tho case of DH damping alone  (Fig.1) the ourvt 

reached a maximum, but for most of tho othor modifications,   (?igs.2 to 5) the curve 

was a monotonic increasing function of the gearing K.Q.  (or K Q-, etc) up to a 

point where the rate of pitch oonmand exceeded tho limit of 30/8ec, when the 

neutrally damped oscillation suddenly degenerated into a rapidly divergent 

oscillation at the slightest provocation.    The value of Kc at which this sudden 

change took place, was not consistent for a given value of K .    (or K     ,  etc) and 

this area of uncertainty is shown by tho hatched aroas of Figs, 2 to 5.    This effect 

initially caused concern as to tho restrictions it would apply to use of this 

method of choosing go.-xins values and an inquiiy was made as to its nature. 

'7ith no rate limit prosont the boundary continued anoothly with no 

discontinuities,    /'.ddition of the rate limit alone cnusod the system to booomo 

divorgont, but limiting the pitch comnnnd amplitude to its standard value of 

37   contained the oscillation, although it did not damp it out. 
' i 

I While tho possibility of such limit cycles might appoir unsatisfactory,  it 

was found that with tho rate and amplitude limits both present on tho pitch 

ccntnond and tho finally ehe m gearings,  an offset of W ft from tho glide-path 

at a height of 100 ft was retired to initiate the unda-nped oscillation, a«i 

at greater heights the required initial offset was greitor than tho beam width. 

This was considered to be a condition root unlikely to bo raet in practice since 

both rate and ansplituda limits arc inserted for reasons of passenger comfort 

and safety. 

Plight oxiierience has shown that the optimum value of the terminal gearing is 

about half that v.-J.ue which gives instability.    The choice was thorofore 

nominally h-af the iiaximum value of K, attainable on tho stability bourdory 

plots.    Unfortunately, due to tho effects of tho limit cycles referred to 

above,  this was not always a clear choice.     Konce the final choice was based on 

tho judgement of the computer operator with the empirical criterion of half the 

instability value kept in mind.    The values clios-sn sre m'Xked on F"iga,1 to 5. 

2.2      ?requenoy responses 

Tho fronuoncy responses measured arc defined as the ratio of an output 

parameter of the system, say displacement,   to an input parameter,  say wind 



Variation, at a particular frequency.    Since a frequency reeponae i» only 

valid for a linear    system,  the convergence characteristics of the glide path 

had to be ignored and a linear sensitivity assumed.    For the reasons stated in 

Section 2,1,  the sensitivity chosen was that corresponding to a height of 

100 ft. 

Three different frequency responses were made for eaoh modified control 

law and the results obtained were corapared with the results from the other 

analysis techniques.    Keasuremsnts were taken to establish the relationship 

between the displacement of the aircraft from the glide-path to:- 

(a) noise on the I.L.S, r^dlc sig.ial, 

(b) horizontal wind, 

(o)      vertical wind 

at frequencies in the range 0,01 to 1 c/s, 

2.3      Statistical results 

In order to verify that frequewsy responses measured at a fixed height were 

representative of performance during the approach,  a set of approaches was 

simulated for each modified system in the presence of random horizontal wind 

gusts, ard. the aircraft displacanunt and velocity at right angles to the beam 

contre-liw3 at the start of ATTITÜDS were measured and analysed.    Traa these 

measurements, means a»i atanäaid deviations were calculated for eaoh set of 

approaches and the results compared with thoee of tho frequency response 

analysis. 

The wird input used in the statistical raoasuramunts was produced from a 

random white-noise generator.    Tha output of tha genorator had a Gaussian 

distribution of amplitude with a power spectrum which was sensibly flat from 

0.04 ops to 10 cps.    Since all computing was done in accelerated time (time 

constants decreased by a factor of ton) tho effective spectrum was flat from 

0.004 cps to 1 ops. 

The spectrum was shaped ty passing tha output through a filter of the 

form •n -AT   r\\ where L is a characteristic turbulence dimension, 
6 

here = 1000 ft, V    is tho aircraft airspeed s 186 ft/soc.    This gave a 

filter of -—\ ,  -, giving a cut-off at 6 dB per octavo from 0,03 cps.    Tho 

transfer function characteristic of the filter is plotted in Pig.9. 
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2,4     Time history 

The tin« histories were intended to givo an overall qualitative picture 

of the approach from beam capture to start of MMITUDE in the presence of 

wird shear, discrete gusts or in no wind.    Tho puiposo of these tine histories 

was not to differentiate batwwn tho systems but to ensure that the other methods 

of system analysis had not overlooked important aspects of performnco. 

3 ICDIFICATIOHS TO Tlü CONTROL LAWS 

Tho first rei|uiranent of any modification was to improve the beam holding 

in the presence of turt>ulense without decreasing tho stability at low height. 

Tho soooni requirement was that the modification should be a simple one to 

onginoor.    Since displacement from the beam is preceded by velocity and acceler- 

ation,  then information about either velocity or acceleration normal to the 

beam will provide advance informotion on benm displacement enors.    Because of 

the consideration of engineering simplicity it was decided to investigate the 

use of a signal derived from an aocolerometer positioned in the aircraft on the 

centre of gravity so as to provide a measure of acceleration along the z-axia of the 

aircraft.     Velocity along the z-axis was obtained by integration of the accoler- 

cmetor signal.    The information derived from the accolorometer was used in 

conjunction with that from a pitch rate gyro, to produce the effect of displac- 

ing the aooeloraitter from the centre of gravity.    The complete control equations 

used arc listed in the Appereiix, but in brio; tho modifications investigated were 

tho addition of: 

(a) f (DH) 

(b) f (DH + Do) 

(c) f (DH + D^) 

(d) f  (D2H) 

(o)      f  (D2H + D2e) 
/        K6P\ 

to the basic equation 9    = - K,. (ß  + —g—j • 

Included in the simulation of the acceleronBtor was a filter of time constant 

0,2 sec,   to represent tho filter which would be needed in practice to attenuate 

mechanical vibration of tho accelerometer, 

Tho possibility of adding a simple boam-rc.to term to the basic equation 

was considered, but this was rejected for a number of reasons.    Pig. 6, the plot 

of tho neutral stability bourüary for beam-rate dairpin^ shows that a significant 



Increase of overall gearing is only possible if the lag on the signal is loss 

than about 0.1 sec.    Unfortunately, with such a small lag the amount of noise 

required to C.TUSC the demanaed pitch rata to exceed the limit of 3 /sac is loss 

than 1^ mioroamps at frequencies betweon 1.0 and 2.0 c/s, see Pig.8.    This is 

less than that allowed by I.C.A.O. so that glide path beams within the 

specification would be likely to cause rate limiting.    Further to this, tha 

shape of the stability bourüary is so sharply peaked that even assuming no 

limit problome, the practical difficulty of producing the raquirud gearing 

vnluos would bo oonsiderable.    Another possible addition to the basic elation 

that was considered was that of a simple pitch-rate torn, W.    However this 

gave no improvomont in stability as is shotm in Pig. 8 and it was rojoctod, 

4 DET.MUD SISCUSSIOK OP TOS RESULTS 

4,1     Preononcy responses 

4.1.1 Response of tha aircraft to boam signal 

The criterion agninat which to compare the beam rosponoe caused by the 

various modifications to the control law was taken to be the beam response of 

the uimodified system using the basic control law.    The recjiirements for beam 

response are (a) unity gain from DC up to about 1 c/s and (b) a sharp cut-off 

at about 1 c/s to attenuate the effects of high frequency noise.    Sinoo the 

closed-loop characteristic equation of the aircraft/autopilot systan contain» 

complex poles, such requirements oro not met sinoo resonances produce 

greater than unity gain*'^.    Henoe the requirements for the modified syston 

are that they increase bandwidth without increasing tha resonant gain. 

Pig, 11   to   14 show the effects of the various modifications. 

It is clear that the addition of D2H only or (D2H + 06) each produce 

unacceptable resonant gains at 0.11 o/s (Pig. 13),  indicating a poor boam hoHing 

in the presence of disturbances at this froquoncy.    The addition of teims 

DH,  (DH + DO) attiCD^H + DH) all give a wider bandwidth with a lower resonance, 

although the presence of the pitch-rate torn appears to sharpen the peak 

slightly, 

4.1.2 RosponsJ to horizontal wind 

The frequency response measured was the amplitude of displacemjnt 

produced by a wind whose velocity varied simsoidally, and was plotted as feet 

displf.comont per foot per second of horizontal wind (^igs,^ to 18),     Idoally it 

is required that the aircraft response to wind is zero at all froquonoies, but 

Pig, 15 shows that in the case of the basic unmodified syston this  is certainly 
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not so.    At gu»t freqaonsies around 0.1 c/s, an amplitude of iS kts will 

produoe deviations from glide-pith of about i12 ft at a height of 100 ft. 

Tho »pectrum is such that between periods of 50 secowis and 8 seconds, a 

5 kt voriAtion on the vdnd produces greater than 7 ft deviation from the glide 

slope, and since 100 ft height is the start of ATTITUDE, this deviation will 

carry through to produce a touchdown range error of about 150 ft. 
P 2 2 

The modificttions involving DTI and (D H + D 0), sec Pig. 17, cause an 

unacceptable resonance at 0.11 a/a, although the response away from the peak 

is r\n improvement over that obtained with the uimodified control law (Fig, 15), 

A similar resonance was obtained on the responses duo to beam signals.    In the 

case of the modifications with DH,   (DH + D6) am(D H + DH)  (Pigs.l6 and 18) the 

curves have moved bodily to hijjher frequencies relative to the basic response 

curve, and the gains decreased.    This has the effect of greatly improving the 

responses at lower frequencies while giving a slight degradation at frequencies 

above about 0.2 c/s,  i.e.  about 5 sec period gusts.    Pig.9 shews that at 

0,2 c/s the amplitude of tho horizontal wind is attenuated to about 0,14 that 

at zero frequency so that a slight desrndation of performance at this frequency 

is unimportant.    Tho greatest reduction in horizontal -.vird response was produced 

by the (D H + DH) modification (Pif>l8), tho reduction vaiying from a factor of 

ten at 0,003 c/s to a factor of 5 at 0.1  c/s.    Above this frequency the improve- 

ment becomes loss until at 0.2 o/s the responco curve of tho basic system crosses 

that of tho modified control lav/. 

If, 1,3   Response to vortical wind 

The response of the system to vertical winds (^igs. 19 to 22) was measured 

as a function of the height error caused by variation of tho vortical wind 

speed.    The results as given by the vertical wind responses are identical to 
2 2 2 

those of the horizontal wind case in that D H and (D H + D 6) give 
p 

oxagfjoratod maxima while  the least response is from (D H + DH),     Bie latter 

modification gives a reduction factor of about 2,7 at frequencies  lesu than 

about 0.15 c/s when its response curve again oonvorges with and crosses that of 

the basic system,    V.'ith tho basic  system tho maximum displacement from glide 
o 

path is 2.3 ft/ft/sec for 0,1 o/s gusts.   The greatest displacement with (D H+DH) 

occurs at a frequency of 0.185 o/s when the displacement is 1.3 ft/ft/sec.    The 
2 2 2 modifications with D H ani  (D H + D 0) give a degraded response,  the displacement 

produced by 1  ft/oec gusts being k ft for (D H + D 6) at 0,11 c/s. 
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1^,2      Statistical treatoont of response to random horizontal wlnA 

In order to verify the prodictions given by the frequenoy re^ionaM, 

simulated approaches wore made for each modification state in the preaeno« of 

raniocn horizontal wild with an rms velocity of k ft/soo equivalent tp a moan 

wini speed of about 12 kts and a simple statistical analysis made of tha 

displacement and velocities peiTpendioular to the glide slope at tho start of 

ATTITUDE.    Twonty-f ivo simulated approaches were made with each control law, 

and each approach was stopped at a height of 100 ft and the above parameters 

recorded from a digital voltmeter.    Die means and standard deviations of tho 

displaoonwnts ani volooitios ware than calculated, ani from these on ostlmato 

of toucWown range error duo to random wind variations was made. 

Previous work2 has shown that the touchdown range error produced by a 

vertical velocity error of 1 ft/sec at the start of ATTITUDE is about 175 ft 

for a nominal rate of descent of 10 ft/sec (a 3° glide path and an approach 

speed of 186 ft/sec gives a ncndnal rate of 9.74 ft/seo).    Assuming such a 

range error due to velocity error, and assuming that displacanent errors are 

carried through geometrically to give 19.1 ft/ft of beam error for a 3   glide 

slope Table 1 gives the stanc'.ard deviation of touchdown range caused by 

horizontal wild for the different control "laws, and Pig. 23 gives examples of the 

approaches in the presence of random horizontal wind of rms velocity I* ft/sec. 

Table 1 

Additional 
control 

funs ti on 

Velocity 
error (Dh) 

(ft/sec) 

Displacement 
error (h) 

(ft) 

Touchdown error 
in ft duo to 

Total 
touchdown 
error 
(ft) Dh h 

None a 94 3.44 164 u6 176 

DH 0.54 1.53 94 29 98 

(DH+ne) 0.39 0.94 67 18 70 

(DH+ DV; 0.41 1.09 72 21 75 

D2H 0,75 4.4 132 84 156 

(D2H+D
2e) 0.71 2.34 124 

 i 

45 132 

All tho above numbers ropret.ont stendard deviations. 

Fig. 24 illustrates in diagrairmatio form tho difference in range error 

produced by the different modifications. 
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J^3     Time hiatory 

Slaulatod beam captures and approaches were made from a height of 

2000 ft for each oontrol law investigated in three different sets of wind 

conditlonB:- 

(l)      sero wind, 

(ii)    tailwini shear (i.e.   tailwind whose speed is dropping with height), 

(lii) headwird shear with a horizontal gust of 5 ft/sec at 300 ft height. 

In each instance it was conaiderod that if the beam joining manoeuvre 

for a particular control law was not grossly different from that of the others, 

then snail differences in behaviour were only important at close range, i.e. 

at heights below 500 ft. 

Jt.3.1    Approaches ir. zero wind 

As seen from rig.25 all of the modifications to the control law produce 

improvements in the beam joining in zero wind conditions.    Normal aircraft 

instruments would irciicate that the aircraft was established if the error from 

the bean; was less than about 15 microamps; this vrauld mean that all of the 

systems were ostablianod imnediately.    Hence all of the modifications produced 

satisfactory beam joining in zero wind conditions. 

4,3,2    Ai:,jroiches in thü presence of a tailwind shear 

The wild simulation was a tailwitrl of 50 ft/soc at a height of 2000 ft 

falling linearily to 20 ft/soc at ground level, and Pig.26 shows that if the 

criterion of 15 micronmps is taken,   then those systems using either no extra 

tsrm of DH danping only are not established until below 500 ft height.    The 

other oyctoms all roach the 15 mioroarap criterion by a height of about 1200 ft 

although the system using(DH + DO) danping only just remains inside the 

15 micronmp limit after the second crossing of the beam centre-line. 

^3,3    Approaches in the preaonee of a headwind shear and a gust 

Pig,27 shows the combined effect of a wind shear and a horizontal wind 

gust from ahead,   the gust being a step of 5 ft/sec injected at a height of 

300 ft.    The wind simulated for the headwind shear was a headwind of 50 ft/sec 

at a height of 2000 ft, falling linearly to 20 ft/sec af ground level. 

All of the systems achieved good beam joining performances, even the 

unmodified system resulting ir the glide path error signal being less than 

15 microanps by i height of 1400 ft.    Those oontrol systems using (D H+D 6), 

(D2H + DH) ani D H only were within this limit iirmediately and kept to within 
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5 mioroemps aftar the third beam oroseing.    This is much better performance 

than that achieved in a tailwind shear, but it should be noted that the change 

in perfomance is entirely due to the sign of the wind direction at 2000 ft 

height rather than to the sign of the shear itself.   Even in eero wind the 

aircraft 'overshoots the glide path and a tailvdnd makes the overshoot worse, 

whilst a hoadwitti reduces it.    Nevertheless since the general tendency is for 

wind strength to decrease as height is reduced, it is considered that the 

method of simulating wind shsar roprosonts a disturbance likely to be encountered 

in practice. 

The response of the systems to a step gust followed approximately the 

results predicted by the frequency responses except for the response of the 

systems using (D H + D 9) and D H damping, whose gust responses were 

predicted to be worse than those of the basic system.     It must be realised, 

however,  that the gust was injected at a height of 300 ft to allow time for a 

complete recovery while the frequency responses wore measured at a height of 

100 ft,    Proquenoy responses measured at heights greater than 100 ft show that 

the very sharp resonance in the rosponaes of the system using DTI and (DTJ + D 6) 

falls off rapidly with increase in height (see Pig.16)  and froquanoy responses 

measured at 300 ft agree vdth the results of the gust injection at 300 ft, 

it,4     Effect of an error on the datum rate-of-deacont in the control laws 

using DH 

The use of a rate-of-descent term for damping in the control equation 

roojives that the velocity signal derived from the aooeloromoter bo biased, 

so that zero signal is obtained when the aircraft is descending at a rate 

appropriate to tho glide-path .ingle p.nd approach speed of the aircraft. 

Since beam angles will vary between about 2,5° aid 3,5° and aircraft 

grourd speed will vary according to wind conditions, approaches were recorded 
p 

for tho control law modifications involving DH,   (D H + DH) a»i (DH + DO) in 

various wind conditions, with errors on tho datum rate of descent of about 

130.i, equivalent to boom angles of 3° ± 1°.    This is also equivalent to an 

actual beom angle of 3° i 0,5° plus a head or tailwird of 28 ft/sec (16,5 kts). 

The sign convention used is as follows;-    if the datum rate of descent 

set into the pitch computer is loss  than that required for tho glide-path 

angle,  then the error is defined as negative.    Hence an error of -3Q.o on a 

glide path of nominal rate of descent 9,75 ft/sec moans that the datum is sot 

for a rate of descent of 6.82 ft/sec.    Figs,28 to 30 show the effect,  for a 

glide-path with a nominal rate of descent of 9.75 ft/soo, of an error of 

± 3 ft/sec. 

i 
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Fig.28 show» the effects of such errors in the absence of any outside 

disturbance, other than the beam join manoeuvre, and comparison with Pigs.25 

ard 26 irdioate the similarity of the effect of wind shears from head and tail 

with no datum error.    This is only to be expected since both effectively 

produce ground speed errors if the airspeed is assoied to be constant.    When 

• 30!5 error on the datum i»te-of-descent is coupled with either a head or 

tailwirri shear. Pigs.29 ard 30, the effect of the error is added algebraically 

to the shear so that either an improvement or a degradation in the beam join 

manoeuvre may be achieved.     In both cases the effect of the error is only 

evident during the first part of the approach, there being little difference 

in the path flown with perfect datum and with a datum error below a height 

of about 600 ft. 

Even with as large an error as 50% on the datum,  the performance in 

glide-path capture using DH,   (DH + DO) orf)2H + DH) in the control law is 

cmiparable to that of the basic control law as used at present in the Varsity/ 

Mk.10D system. 

5 COMCLUSIOHS 

The purpose of this study was to investigate the possibility of improving 

the aircraft's performance on the I.L.S.  glide path and so reduce the effect 

of wird variations on the scatter of the touchdown point.    The results obtained 

confirm that such an improvement  is possible for the simulated system using 

the additional terms (DH + 06) or (D2H + DH) in the control law. 

While these terns do not produce the best beam capture in the presence 

of vrindahears, it is considered that the greater improvement in the presence 

of wind gusts,  coupled to the higher probability of encountering wind gusts 

than that of encountering wind shears, reconmends the use of either (DH + W) 

or (D2H + DH). 

The use of either of these terms has been shown to reduce the standard 

deviation of  touchdown range due to horizontal wind turbulence in the  ratio 

5:2 and even allowing for practical deficiencies,  a considerable reduction 

should be achievable. 

A flight programme  is now in hand to investigate tho practicr.1 validity 

of the conclusions. 
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Appendix 

GKNERAL EQUATIONS US5D IN THR SE^tULATION 

Control law modlflcatlona 

The basic control law as used at present in the B.L.E.U.  system !•:- 

1 ec    "    (1 .0.2DKl.O.5D)[P>K6Dj 

The modifications to the control law produoed;- 

-K5 f A ^01 DH   1 
2 ec    -   Tl * 0.2 D)(1 + 0.5 D) [ß + K6 D + (1 + 0.2 D)J 

3 «c   =   (1. 0.2^1+o.3u)[^K
6|-IT^TtDH.K105 BS]] 

-K r a    JS^Hj 
^    ec = d : o.2D)(I : o.5D) [p ^K6D -^Trrä2Dyj 

5 «o   =    (1.0.2^1. 0.5 D) [P + K6 I + Ti^fe) tD2H + K103 D2^] 

-K, r o     K      DH + Ki02 D2») 
6 9c    =    (l.0.2D)(l.0.5D)r+K6D^       (1  +0.2'D)        ^J     ' 

The value of Kg was fixed at 1/30 seo"1 for all of the equations. 

The values of the other coefficients, optimised for each equation, were:- 

Equation (l) K5 = 0.02%a 

Equation (2) K^ = 0.030/^K101 » 7 Ha/ft/seo 

Equation (3) ^5 = 0.04%a,Kl01 = 7 w/ft/seo, K^   =   1.0 ft/secAec 

Equation (4) K5 a 0.03%a,Kl02 = 3 (ia/ft/sec 

Equation (5) ^ = 0.04%a,K102 = 5 ^/ft/seo2, K105    »   0.175 ft/ee^/sec? 

Equation (6) Kj = 0.05%«,K101 = 7 Ha/ft/seo , K102    =   3 ^a/ft/seo2 



Appendix 

16 

^ .ub-titutlon for the ae^ic derivatives of the Varsity aircraft 

in the approach configuration, the equation, are:- 

Equation(7)      f^ + 0.0224 (u * U.) - 0.338 + 0.5^ . f 

da     _*     41 j. n MIL n    =    0 
Equation (8)       0.^068 (u + %) + 0.938 « + ät + dT " dt + 0- 

/ >     « ,7. 42. * 2 2 « + ^1 + 1.^1 ü * 6.524 n  »  o 
Equation (9)       0.474 dt + 2'2 a + ^Z dt 

Eouatio"'"*' motion 

.    N     dH e v 

Equation (10)      J^   = 57.3 

(V    - W)e 
ft^     dh dH+i-2  

Equation (11 j     dt   =   dt 57.3 

Equation (12)      R    -    R0 - [V, -'^ (u * %)] t 

8   Rp 
Equation (15)      P    ^    ~R~ h 

V»nrl   equations 
u 

Equation (14)      Shear : V   =   '^ + C^-Wg) ^ 

Equation (15)      Longitudinal wind : u^    =   W - W1 

We 
Equation (iO      Vertical wind  : «„   =   "^ 

p^tT^I  equations 

r   (J * 0-,D). r(Q - e) + G, 
Equation (17)      Basic autopilot  . .     "    G1   (1  + 0#1 D)2 L 

Equation (18)     P    =   [(9 " 9
C) 

+ ^^J 

Equation (19)      Locking unit : 90   = (1 + 0.2 D)(1 + 53 ») 

-T r (" * u
wh 

Equation (20)      Autothrottle  : £   =    (1 + D)(I + 0.5U)"L     + Uw    +    2        D       J 

T e 

*   X\ +D)(I + 0.^ U) 
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Values of paramatera 

a    =   +30 

R      s    38200 ft o 
\'l     =   50 ft/aeo 

',72    a   20 ft/sec 

V     =186 ft/seo e 

H      =    2000 ft o 
sRp =    18000 millivolta 

G. a    2.0 degrees/degree 

G2 =    1/15 sec"1 

T. =0.1   (equivalent to about 180 liAt for Varsity of mass 1055 slugs) 

T -■   n.05 seo-1 

Tj    n   0.35   (= 590 lb/degree) 
i 

i 
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SYMBOLS 

6      ■   ooitKAnded pitch angle in degrees 
o 
u   ■   forward airspeed change in ft/sec 

«   ■   •£• in degrees, where:- 
9 

w s aircraft airspeed along its z axis 

V s datm airspeed 

e s pitch angle in degrees,  relative to the earth's horizontal 

T) = elevator angle in degrees 

H = height of aircraft above ground 

K     =   initial height of aircraft above ground 
o 
h   .   perpendicular height of aircraft above or belwr the glide slope 

R   s   range fron glide path aerial 

R     >   starting range of aircraft from glide path aerial 
o 
W   =   wind speed at a height H 

W     a   wini speed at a height Ho 

W2   3   wind spead at grouni level 

& ,&2,K,,Kg     are autopilot parameters 

T   Io,T* are autothrottle parameters 
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